The complex interactions between left ventricular mechanics and the oxygen demand is studied by relating the left ventricular transmural oxygen demand to the myocardial structural and dynamic characteristics. The study utilizes a recent model of left ventricular contraction, which is based on a nested shell spheroidal geometry, a fan-like fibrous structure, the twisting motion of the left ventricle over its long axis, a transmural electrical activation propagation and the basic laws of sarcomere dynamics. The local "axial" stress (in the direction of the fibers) and the instaneous sarcomere length are used to calculate the spatial distribution of the intramural oxygen demand per beat Vo 2 (y), where y is the distance from the endocardium. The normalized local sarcomere stress-length area SLA n (y) is related linearly to Vo 2 (y) by: Vo 2 (y) = Ki • SLA n (y) + K 2 , where Ki and K 2 are constants. The calculations show a transmural metabolic gradient which is characterized by higher values of Vo 2 (y) in the endocardial layers than in the epicardial layers. Shorter endocardial sarcomeres and the twisting motion of the left ventricle around the long axis decrease the metabolic gradient across the wall, while a slow transmural electrical propagation wave as well as a wider angle of distribution of the fan-like fiber architecture increases the transmural metabolic gradient. Integration of the local oxygen demand across the left ventricular wall yields global values in agreement with those based on Suga's pressure-volume area approach. The model thus provides a qualitative and quantitative tool to assess the relation of the local and global oxygen demand to the complex left ventricular structure, fiber mechanics, and the dynamics of contraction. (Circ Res 58: 664-677, 1986) 
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The model thus provides a qualitative and quantitative tool to assess the relation of the local and global oxygen demand to the complex left ventricular structure, fiber mechanics, and the dynamics of contraction. (Circ Res 58: 664-677, 1986) IT is well known that the subendocardial layers consume more oxygen than the subepicardial layers of the left ventricle (Gamble et al., 1974; Hoffman, 1978; Weiss et al., 1978; Feigl, 1983) , and that the endocardial layers are more susceptible to hypoxic injury (Hoffman, 1978) . Major efforts have been directed in the past to relate left ventricular (LV) global oxygen demand to mechanical activity (Sarnoff, 1958; Braunwald, 1971; Skelton and Sonnenblick, 1974; Parmley and Tyberg, 1976; Weiss et al., 1978; Weber, 1979; Weber and Janicki, 1979; Bailer et al., 1979; Bretschneider, 1979; Bing et al., 1979) but only a few have tried to model the spatial transmural oxygen demand distribution (Wong, 1973; Panerai, 1980) . A model which relates the transmural mechanics and energetics to the LV geometry and structure, the characteristics of sarcomere mechanics, and the dynamics of the LV contraction is thus highly desired. A recently reported distributed model (Beyar and Sideman, 1984b) which describes LV transmural and global mechanics, provides the tool for this undertaking and, in a separate study, local mechanics was recently linked to energetics by relating the cross-bridge kinetics turnover rate to the rate of adenosine triphosphate (ATP) hydrolysis (Beyar and Sideman, 1985) .
A simpler and more convenient procedure to relate local mechanics to oxygen demand is proposed here, inspired by the work of Suga (1979) and Suga etal. (1981a and Suga etal. ( , 1981b and Suga etal. ( , 1982 and Suga etal. ( , 1983a and Suga etal. ( , 1983b , who have experimentally shown that the global oxygen demand can be estimated from the pressure-volume area (PVA) representing the total energy generated by the left ventricle. A parallel approach is used here to calculate the local mechanical energy and the corresponding oxygen demand from the stresslength relationship at the sarcomere level. The resulting coupling of the transmural mechanics and oxygen demand is then used to elucidate the effect of the various parameters which are important in the determination of the transmural metabolic gradient. These include the LV wall architecture, and LV twisting motion, the sarcomere length distribution, and the electrical activation propagation velocity.
Methods
The Cardiac Mechanics Model
The cardiac mechanics model is described in detail elsewhere Sideman, 1984b, 1985) . Only the basic assumptions used in this model are summarized here, and schematically illustrated in Figure 1 .
Geometrical and Structural
A nested shell spheroidal model of the LV (Fig. 1A) is assumed, with a fan-like fiber inclination angle (to the transverse plane) changing linearly between +60° at the endocardium to -60° at the epicardium (Streeter et al., 1969) . A twisting motion of the apex, relative to the base, is assumed to occur. LV muscle volume = distance from the endocardium = maximum fiber isometric stress at optimum sarcomere length = maximum fiber "isometric" stress at any value of l s diastole to end systole) are approximately 20°-24° (Ingels etal., 1975) .
Sarcomere Physiological Relationships
(1) An exponential passive stress sarcomere length (l s ) relationship is applicable. (2) A linear ascending limb of the developed active stress for l s > 1.65 jzm, an optimal range between 2.2 nm and 2.4 nm and a descending limb thereafter (Pollack and Kreuger, 1978) are assumed ( Fig.  IB) . (3) An activation function (half a sinusoid) (Fig. 1C ) is used to describe the degree of activation between the fully passive to the fully active states. (4) An inverse sarcomere stress-velocity relationship is applicable ( Fig.  ID) .
Reference Configuration
The reference unstressed configuration is defined as the LV state associated with zero transmural pressure at the fully passive stress. The reference state corresponds, as a first approximation, to a homogeneous sarcomere length distribution of 1.9 pm (Feit, 1979) . (The reference volume Vo is marked in Figures 2 and 4 , illustrating the relationship of Vo to the end-diastolic and end-systolic volumes.) Other distributions with shorter endocardial sarcomeres are also studied.
Expanding the LV from the unstressed state extends the sarcomeres and thins the LV wall. In this state, the sarcomere length distribution is a function of the volume changes and the degree of the twist. Conversely, contraction of the LV from the reference state shortens the sarcomeres and thickens the wall. The mathematical presentation of the distributed sarcomere length as a function of the LV volume is given elsewhere (Beyar and Sideman, 1984b) .
Electrical Activation (Fig. IE) It is assumed that the activation signal propagates instantaneously over the endocardium, and thus it is possible to neglect the time needed for apex-to-base propagation and assume that the activation propagates from the endocardium to the epicardium at a constant velocity.
The Law of Laplace (Fig. IF) This law is utilized to calculate the pressure difference across a thin layer within the wall. The pressure difference, dp, is a function of the stresses in the principal circumferential, 68, and meriodional, $0, directions and the principal curvature radii, r ee and r t4 ,.
The Afterload
A windkessel arterial model is assumed, represented by an arterial capacitance and a peripheral resistance ( Fig.  1G ).
Twisting Motion
A twisting motion over the LV longitudinal axis is assumed.
The Calculation Procedure for the LV Function
The solution for the LV functions involves the following steps: (1) Given the reference state and the end-diastolic dimensions, the sarcomere length distribution at enddiastole is calculated, accounting for the contribution of the LV twisting angle during end-diastole relative to the reference state.
(2) The stresses in the fibers are calculated using the passive and active components of the fiber stress.
(3) Given the fiber angle distribution, the activation sequence and the laws of the sarcomeres, the stresses are calculated and related to the pressure difference (across the layers) by the law of Laplace. The pressure gradients across the layers yield the intramural pressure distribution within the myocardium. The LV cavity pressure is the pressure at the inner side of the endocardial layer. (4) The effect of the force-velocity relationship of the sarcomeres is introduced throughout the ejection phase. At first, the isovolumic pressure is calculated for the instantanaeous volume assuming no ejection. This results in a LV pressure that is higher than the aortic pressure. When ejection occurs, an associated transmural strain rate causes a decrease in the fiber stress, and hence the LV pressure is reduced from its corresponding isovolumic pressure. A value of flow that gives an equalization of aortic and LV pressures is searched by iterations and represents the instantaneous flow. (5) The aortic pressure is now calculated from the given instantaneous flow and the previous aortic pressures based on the assumed arterial windkessel model. LV volume for the next step is modified using the instantaneous flow value. (6) The aortic valve closes once the aortic flow reverses. Isovolumic relaxation is followed by the LV diastolic filling.
The calculations yield the global parameters (LV pressure, volume, and flow), as well as distributed parameters (stress, sarcomere length, and others). 
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The Model for the Local Energy Demand
The functional relationships of sarcomere mechanics of Figure IB are compared in Figure 2 to Suga's pressurevolume-area (PVA) approach. The sum of the active stress (line 1) and the passive stress (line 2) yield the maximum isometric sarcomere stress. The instantaneous stress along the fibers, as a function of the distance from the endocardium, y, is denoted by a, (y,t). The spatial time-dependent sarcomere length distribution is denoted as l s (y,t).
The shaded area in Figure 2 represents the changes in <rf(y,t) and I s (y,t) that each sarcomere undergoes as the heart contracts. The total sarcomere stress-length area,
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SLA at y is the sum of shaded areas in Figure 2 , i.e.,
SLA(y) = area A + area B.
(1)
Area A is the area of the triangle in Figure 2 which corresponds to Suga's potential energy which remains at the end of systole, i.e., the potential energy that was not converted to external work in the contraction process, and is given by:
where l s0 is the sarcomere length below which no active 
Sarcomere Length [n]
667 stress develops and tes denotes end systole. Area B is the area of the stress-length loop and corresponds to the energy expended (i.e., external work) by the ventricle when contracting from end diastole, ted, to end systole, tes, and is given by:
Combining Equations 2 and 3 and dividing by l so to normalize SLA(y) to units of energy per volume of muscle, yields: (4) where <r 0 is the maximum active stress at optimum sarcomere length. Suga et al. (1983b) have experimentally established a linear relationship between global oxygen demand and PVA. As SLA n (y) represents expended energy per volume of muscle, it is reasonable to relate it to the local oxygen demand per beat and, by analogy to Suga et al. (1983b) , we define Vo 2 (y) = k,-SLA n (y)
where Ki and K 2 are constants. K 2 represents the energy required to maintain all cellular processes which are not directly related to mechanical work, whereas Ki represents a factor which translates mechanical work to the oxygen demand. The oxygen demand rate Vo 2 (y), in milliliters oxygen per minute per unit muscle volume, is given by: Vo 2 (y) = Vo 2 (y)-HR where HR is the heart rate in cycles per minute. The total oxygen demand of the LV in ml O 2 /min, TVo 2 , is given by:
Vo 2 (y).SA(y).dy (6) where h is the LV wall thickness and SA(y) is the surface area of a spheroid, given by:
a and b are the semimajor and semiminor axes of the assumed spheroidal LV geometry. Finally, the total average oxygen demand per minute per 100 g LV tissue, Vo 2 , is calculated by: where V m is the volume of the LV muscle.
The Computer Program
The computer program was written in Fortran and run on an IBM 3080 D computer. The flow chart of the computer program is given in Figure 3 . The model yields is then calculated, given the above values, and is related to the oxygen consumption per beat, Voi(y), and then translated to the average oxygen consumption V02. Vp2 is also calculated by the PVA methods, and graphic and numerical outputs describe the results.
the instantaneous along-the-fibers stress and the sarcomere length throughout the cycle for each of the 10 wall layers considered here. SLA(y), SLA n (y), (Eqs. 1-4), and the oxygen demand in each layer are then calculated, (Eq. 4). The total average oxygen consumption, Vo 2 , is calculated (Eqs. 5-8) and compared with the total oxygen consumption calculated by the PVA technique of Suga et al. (1983b) . The global PVA is calculated after the elastance line, and the volume intercept V d are determined. This is followed by the calculation of the PV loop area and the triangle to the left of the loop which gives the total PVA. Appropriate graphic output of the results is achieved using routine computer graphics software. Table 1 lists the input parameters and the resulting hemodynamic indexes of the LV under normal preload and afterload conditions. A sarcomere length distribution, characterized by shorter sarcomeres in the two inner layers, is selected as a more precise description of reality (Yoran et al., 1973) . The re-sulting pressure-time, volume-time, flow-time, and pressure-volume curves for the assumed normal beat, as well as for increased preload and afterload conditions, are shown in Figure 4 . Note that the end systolic pressure-volume points fall on a line which represents the maximum elastance value, and intersects the volume axis at V d = 5 ml.
Results
Sarcomere and LV Mechanics
The axial, along the fibers, stress which is resisted by the fibers is shown in Figure 5 as a function of y and t. It is clearly seen that the endocardial sarcomeres develop the highest stresses at the beginning of the contraction. However, the stress at the endocardial layers falls rapidly due to the rapid shortening of the endocardial layers. The endocardial sarcomeres at late ejection are already nonfunctional, and the outer layers contribute the major driving force. As seen in Figure 6 , the maximum circumferential stress at the equator is obtained in the midwall rather than the endocardium. The instantaneous sarcomere length distribution as a function of time is shown in Figure 7 . It is clearly seen that, whereas the endocardial sarcomeres are longest at end diastole, the situation reverses at end systole, indicating greater length changes of the endocardial sarcomeres as compared with the epicardial ones. Note that these characteristics are based on a thick shell contraction model which involves much higher strains and length changes of the endocardial layers than the epicardial ones (Beyar and Sideman, 1984b ). This finding is in agreement with the experimental data of Yoran et al. (1973) and Streeter and Hanna (1973) .
The sarcomere length and stress distribution loops for representative layers throughout the myocardium are shown in Figures 8-10 for different preloading, afterloading, and contractility conditions. The dotted lines represent the normal loading conditions. Increased preload (Fig. 8 ) results in a corresponding increase in the fiber stress. However, the end-systolic points in this figure approach the maximum active sarcomere stress-length line, which is the same for the normal and the increased loading conditions. The loop area is clearly seen to increase from the epicardium to the endocardium. A similar -dependent stress distribution at the circumferential direction, at the  equator, throughout the cycle. Note that the  pattern of the "endocardial kick," which characterizes the axial stress, does not apply to the circumferential stresses.
pattern is observed with increased afterloads (Fig.  9 ). Increasing the contractility in Figure 10 is manifested by a shift of the active sarcomere stress length line to the left. Again, the loop areas are shown to increase with contractility and to decrease from the endocardium to the epicardium. Although intuitively obvious, it is essential to emphasize that the integrated SLA-oxygen demand distribution correlates with the global, PVA-based, oxygen demand. This linear correspondence discards the possibility for any nonlinearities between the oxygen demand models based on the SLA and PVA approaches and allows one to calculate the SLA constants from the empirically determined PVA constants.
Local Sarcomere Mechanics, Oxygen Demand, and Global LV Characteristics
The total oxygen demand of the LV can now be calculated either by integrating the local demands, calculated by Equations 6-8, or by the global PVA approach of Suga et al. (1981a Suga et al. ( , 1981b Suga et al. ( , 1982 Suga et al. ( , 1983a Suga et al. ( , 1983b .
The constants Ki and K 2 in Equation 4 are evaluated iteratively so as to fit the contributions of the external and potential work to the total oxygen demand, based on the PVA constants of Suga et al. (1983b) , by the following procedure: (1) Calculate PVA as well as the distributed SLA n (y) values for a single cardiac beat. (2) Given the constants of the PVA-based oxygen consumption relationship, calculate the total LV oxygen consumption, TVo 2 , per beat. (3) Calculate Vo 2 (y) and TVo 2 based on the SLA approach. (4) Adjust Ki and K 2 to give equal values of TVo 2 , as calculated by the two techniques. Table 2 compares the integrated, global values based on the SLA approach (data from Table 1) with the values obtained by the global PVA approach under different conditions. Also, the value of the constants K] and K 2 are compared to the PVA parameters. The two approaches yield very similar values of the global oxygen demand, suggesting that, if an error exists in the application of Suga's global concept to the local approach suggested here, it is rather small. As seen, the endocardial layers at normal preloads consume about 8% more oxygen than the epicardial layers, which is within the range obtained in experimental measurements (Gamble et al., 1974; Monroe et al., 1975; Weiss et al., 1978) . However, the relative difference between the endocardial and epicardial layers seems to be highly preload dependent, actually inversing at very low preloads and increasing to 25% at high preloads.
This result is consistent with our previous theoretical results Sideman, 1984c, 1985) , but to the best of our knowledge has not been experimentally explored. Contractility changes were not studied here, since the constant K 2 is affected by contractility changes (Suga et al., 1983b) . However, once the functional relationship between the contractility and K 2 is established, this effect may be studied in detail.
Effect of the Sarcomere Length at the References Configuration
As the stress developed by the sarcomeres is proportional to their lengths, it is interesting to study the effect of changing the length of the endocardial sarcomeres on the endocardial stress and oxygen consumption. This is particularly interesting in view of the report that the endocardial sarcomere lengths are shorter than 1.9 /*m in the unstressed configuration (Yoran et al., 1973) . As shown in Table 3 , this effect is studied by assigning the two subendocardial layers different sarcomere length values and keeping the remaining reference sarcomere length across the myocardium constant (1.9 fim). Although the general contractile parameters, as evident by the values of the EF or dP/dt max in Table 3 , do not change appreciably, the differences in oxygen demand and where a = 1.8 • 10" 5 (ml O 2 /mm Hg x 100 g x beat), b = 3.10" 2 (ml Oj/lOOg X beat), and V m = volume of LV muscle (ml). Local approach: VO 2 (y) = K, SLA n (y) + K 2 (ml/beat per g tissue)
where K, = 1.7 • 10~5 (ml O 2 /mm Hg x g x beat) and K 2 = 3.10"" (ml O 2 /g • beat). stress between the endocardial and epicardial layers are quite moderated by the shortened values of the endocardial sarcomeres. The maximum stress of the endocardial layers, and hence, the endocardial oxygen demand, is obviously highly sensitive to this parameter. In fact, the calculations show that very short endocardial sarcomere lengths (of 1.7 /im) yield an epicardial oxygen demand which is higher than the endocardial one.
The sarcomere length distribution at end diastole and end systole for the two extreme cases shown in Table 3 are compared in Figure 11 to some experimental measurements of Yoran et al. (1973) , and Sonnenblick et al. (1967) and to the theoretical calculation by Streeter and Hanna (1973) . As seen, the model predicts that the endocardial sarcomeres are longer than the epicardial ones at end diastole. This is consistent with a variety of experimental 
Comparison of Oxygen Demand and Endocardial Stress for a Uniform and Nonuniform Distribution of the Sarcomere Lengths at Reference Configuration
Endocardial maximum stress (mm Hg) Endocardial' oxygen consumption (ml/min X lOOg) Epicardial* oxygen consumption (ml/min X lOOg) Ejection fraction (%) dp/dtm,, (mm Hg/sec) (1) present model, assuming a uniform distribution at the reference state where 1, = 1.9 pm for all the layers. Note the longer endocardial than epicardial sarcomeres at end diastole, and a reversed picture at end systole;
(2) present model, assuming a sarcomere length distribution of 1.7, 1.8, 1.9... 1.9 y.m at the reference state (Table 3) ; (3) data from study by Yoran et al. (1973) is used to describe sarcomere length distribution at end diastole (filling pressure = 6 mm Hg). The end-diastolic distribution is calculated from the study by Streetcr and Hanna (1973) ; (4) data of Sonnenblick et al. (1967) of the sarcomere length at end diastole and the calculated end-systolic distribution (Streeter and Hanna, 1973) .
data, but the data of Yoran et al. (1973) implies shorter sarcomeres for the endocardial layers. However, a comparison of the values at end systole calculated here to those of Streeter and Hanna (1973) suggests that the endocardial sarcomere length diverges between these two models, although both models show a general trend of decreasing the sarcomere length from the epicardium to the endocardium. It is important to point out at this point that the endocardial sarcomere length, especially at end systole, is (possibly) modulated by myocardial buckling, by changes in the dimensions of the LV, and by other parameters to be discussed below.
Effect of the Electrical Activation Propagation Velocity
The typical fiber stress distribution pattern across the LV wall shown in Figure 5 indicates that the endocardial layers develop the highest axial stress for the shortest period. As this phenomenon is due to the combination of long sarcomeres and an early activation time, the effect of the electrical propagation velocity on the stress distribution and oxygen demand is obviously of great interest. Figure 12 depicts the stress distribution in two hypothetical cases in which the electrical propagation velocities are one-third and three times the normal value of 30 cm/sec. The large nonphysiological values were selected here to emphasize the theoretical effect of 673 this change. It is seen that, when the activation velocity is slow, the endocardial layers develop much higher stresses than when the activation process is relatively rapid. As shown in Table 4 , this phenomenon has a significant effect on the oxygen demand. It is seen that the difference in the oxygen demand between the layers tends to diminish at the higher activation velocity, whereas the differences are augmented at the low activation velocities. However, it may be perceived that, under physiological conditions, small differences in the activation velocity cause only minor effects on the distributed wall properties.
Effect of the LV Twist
The angular twisting of the LV around its long axis has a significant moderating effect on the sarcomere stress distribution throughout the myocardium (Beyar and Sideman, 1984b) , and its effects on the oxygen consumption are of interest. The theoretical LV contraction characteristics for increasing the degree of the twisting angle from zero to twice the normal twisting angle value are presented in Table 5 . It is seen that the global hemodynamic parameters, such as the ejection fraction or aortic pressure, are not affected by the twist. However, the sarcomeres shortening, as well as their stresses, are seen to change significantly with the twist. The ratio of oxygen demand in the endocardial and epicardial halves decreases considerably with the angle of the twist. It is clearly seen that the mechanical parameters greatly affect the distribution of the energy demand parameters throughout the LV wall.
Effect of Fiber Angle Distribution
The effect of the fiber angle distribution across the myocardium on the global and distributed LV parameters are shown in Table 6 . It is seen that the wider the span of the fiber angle distribution, the lower the ejection fraction. Also, the distribution of the oxygen demand seems to be highly sensitive to this parameter. The larger the span of the fan, the steeper is the metabolic gradient across the myocardium. Some possible reasons for this finding will be further discussed below.
Discussion
The model described here provides a tool to evaluate, quantify, and relate the local cardiac mechanics to the local energy demand. The results of the study indicate that the difference in the metabolic characteristics between the myocardial layers stem from the difference in the mechanical behavior throughout the wall. Thus, a higher endocardial oxygen demand corresponds linearly to higher mechanical stresses in the endocardium. The precise evaluation of the variation in the endocardial oxygen demand with various changes in the mechanical loading conditions may help predict the onset of subendocardial ischemia.
The transmural oxygen demand was found here to be a function of the structure of the LV fibers, the electrical activation velocity, and the degree of the twist. A wider fiber angle distribution is associated with a larger epicardium-endocardium (epi-endo) stress difference and is thus associated with a higher metabolic gradient. A slow transmural electrical activation velocity has a similar effect on the stress distribution, and hence, on the metabolic gradient. The twisting motion of the LV reduces the sarcomeres length gradient and the SLA gradient and decreases the metabolic gradient. Similarly, shorter endocardial sarcomeres decrease the endocardial sarcomere lengths and, hence, decrease the metabolic gradient. Clearly, the structure of the LV together with the twisting motion, the electrical activation velocity, and the sarcomere length distribution defines the specific metabolic gradient for a specific heart at given loading conditions. Wong (1973) described the LV wall as a thick isotropic homogeneous shell and calculated the total work done per stroke in terms of the hemodynamic variables. However, no attempt was made to relate the energy metabolism to the local mechanics. The present study follows our earlier study (Beyar and Sideman, 1985) and relates the local oxygen demand to the local micro-mechanics by extending Suga's studies, which show a very high correlation between the LV PVA and the global oxygen demand at stable contraction conditions. Here, fiber stress replaces pressure, and Suga's volume corresponds to the fiber length. This approach is phenomenological rather than mechanistic and shows that the micro SLA n and the macro PVA parameters are equivalent. This suggests that no major nonlinearities which exist in the global LV model affect the equivalency of the SLA-PVA oxygen demand methods. Further support for the present approach should rely on experimental measurements of transmural metabolic gradient, and the literature provides some indications for the validity of the model. For instance, it is a well-known fact that the endocardial layers consume more oxygen than the epicardial ones, al- though the quantitative differences between the layers are rather controversial (Gamble et al., 1974; Monroe et al., 1975; Weiss et al., 1978; Feigl, 1983) .
To understand the present results, one has to look carefully into the micromechanics of the LV contraction. The stress resisted by the sarcomeres (along the fibers) is the key to this analysis. Surprisingly, the analysis indicates that the endocardial sarcomeres develop high stresses at the beginning of systole, and then decrease toward end systole due to the shortening of the sarcomeres. This decrease in stress is simply caused by local preload changes in the model, and may, in fact, be further augmented by the effect of the sarcomere length shortening on the relaxation phenomenon (Brutsaert, 1984) . (This effect is yet to be simulated and is outside the scope of the present study.) The epicardial outer layer shortens to a lesser extent than the inner layers, and maintains the stresses throughout the systole. Thus, an "endocardial kick" starts the LV contraction, followed by the contraction of the rest of the myocardium. Although this "endocardial kick" is of a very short duration, its SLA is the largest, thus explaining the fact that the oxygen demand in the endocardium is the highest in the myocardium.
It is reasonable to assume that the magnitude of this rather surprising phenomenon is due to (1) the relatively high value of the endocardial sarcomere length at end diastole, and (2) the endocardial to epicardial propagation velocity of the electrical activation front in the muscle.
To test the first hypothesis, one can "reduce" the sarcomere length at the subendocardial layers. As can be seen in Table 3 , this change causes a significant reduction in the peak endocardial stress. To test the second hypothesis, it is possible to compare a slow radial conduction velocity with a rapid one. As seen in Figure 12 , the peak stress of the endocardium actually increases as conduction velocity decreases. This phenomenon is reflected in the greater difference in the oxygen demand in the situations shown in Table 4 .
In spite of the fact that the LV is a thick-wall structure (dictated by its afterloading conditions), and despite the inherent physical laws for contracting thick-wall spheroids by which inner layers experience higher strains, it is evident that the LV partially overcomes these nonhomogeneous characteristics by a combination of at least two mechanisms: (1) the twist of the LV around its longitudinal axis, and (2) the fan-like fibrous structure of the LV wall. These seem to have a moderating homogenizing effect on the distribution of the mechanical parameters and, hence, on the oxygen demand throughout the myocardium.
The tendency of the twist phenomenon to equalize the distributed parameters throughout the LV wall is described by Arts (1979) and measured by Ingels (1975) . As can be seen here (Tables 3 and 5) , the combination of the twist with shorter endocardial sarcomeres leads to considerably smaller differences between the layers of the wall. The higher the twist angle, the more uniform are the distributed wall properties.
The calculations show that the fiber angle distribution has an important effect on the transmyocardial characteristics. As shown in Table 6 , a narrower fan-like angle distribution, corresponding to more circumferentially oriented fibers, results in a tend-ency to lower the endocardial stresses and the oxygen consumption relative to the epicardial layers. Thus, the distributed nature of the LV wall mechanics and metabolism is a strong function of the LV structure! The SLA loops in Figures 8-10 consistently show that the loop area increases from the epicardium to the endocardium, suggesting a higher external work by the endocardial layer, hence, a higher oxygen demand. It is seen that the end systolic points fall on a straight line-the maximum stress length line. Thus, as the elastance is close to its maximum value and the strain rate is close to zero, the fiber stress reaches its maximum value for its given length. A consistent finding in Figures 9 and 10 is that the end-diastolic sarcomere length of the epicardial and middle layers are almost similar. This results from the complex effect of the volume change and the twist of the ventricle over its long axis. Should there be no twist, the sarcomere length function at end diastole would be a monotonous function, increasing from the epicardium to the endocardium. As shown here, the twist moderates this feature of the sarcomere length distribution.
Looking at the effect of the different loading conditions on the oxygen demand, Table 2 reveals that increasing the afterload as well as the heart rate proportionally increases both the endocardial and epicardial oxygen demand, without affecting the endo:epic ratio. The 8% higher oxygen demand of the inner half wall, as compared to the outer half wall, may in fact be associated with even larger differences when the endocardial layer is compared to the epicardial one. However, data for the latter comparison is unattainable, and most of the techniques for measuring regional oxygen consumption encompass at least one-fourth of the wall thickness. The experimentally observed 20% higher oxygen consumption of the endocardial layers relative to the epicardial layers (Monroe et al., 1975; Weiss et al., 1978) is indeed consistent with our results.
As seen in Table 2 , increasing the preload causes a large increase in the differences between the layers. Conversely, decreasing the preload almost equalizes the distributed parameters and may even be associated with a reversed picture (Beyar and Sideman, 1984c) . This result stems from the effect that changing the preload has on the sarcomeres length distribution. Increasing the preload lengthens the endocardial sarcomeres to a greater extent than the epicardial ones, and according to the sarcomere mechanics laws, affects higher stresses. These increased stresses are obviously associated with increased SLA values, and a corresponding increase in the oxygen demand. Very small preloads are associated with very short sarcomeres, which obviously consume considerably less oxygen as they develop a much lower stress. The effect of the preload on the distribution of oxygen demand throughout the LV wall has, to the best of our knowledge, not been measured, and the results of Circulation Research/Vol. 58, No. 5, May 1986 this study should, of course, be tested in the future against experimental conditions.
Conclusions
The proposed study relates to the global and local mechanical parameters of the symmetrical spheroidal LV to the global and local oxygen consumption throughout the LV wall and elucidates their complex interrelationships at a variety of loading conditions. Following the global PVA concept of calculating global oxygen demand, as presented by Suga et al. (1983b) , an analogous SLA concept is introduced to yield the local distribution of the oxygen demand across the myocardium, as well as the global results which are consistent with experiments. An analysis of the effect of twist on the distribution of the energy demand shows the importance of this phenomenon in moderating the transmural differences. The transmural properties are also shown to be highly dependent on the LV structure, the sarcomere length distribution across the wall, the fiber angle distribution, the electrical activation propagation velocity, and the degree that the LV twists over its long axis. These results are consistent with known facts, but detailed intramyocardial studies are needed to confirm some of the suggested mechanisms.
